The roles of oxygen vacancy on the electronic and magnetic properties of Ni doped In2O3 have been studied by first-principles calculations based on hybrid functional theory. Our results predicted that the Ni-doped In2O3 system displays a ferromagnetic semiconducting character. However, the presence of oxygen vacancy results in antiferromagnetic coupling between the neighboring Ni pair bridged by oxygen vacancy. The antiferromagnetic coupling is found to arise from the predominant role of superexchange due to the strong Ni 3d -O 2p hybridization. Consequently, the oxygen vacancies play a key role in the lower saturation magnetization of Ni:In2O3 polycrystalline sample observed in the experiments.
I. INTRODUCTION
Diluted magnetic semiconductors (DMSs) have been extensively investigated due to their potential applications for spintronic devices, 1-6 which are obtained by doping conventional semiconductor materials with transition metal impurities caused ferromagnetic (FM) ordering. A large number of experimental studies indicated that the DMSs with T c higher than 300 K are mainly concentrated in transition-metal doped wide band-gap semiconductors, such as various oxides [7] [8] [9] [10] [11] [12] [13] [14] and nitrides.
15-18
In 2 O 3 is a transparent semiconductor with a wide direct band-gap of around 2.93 eV. 19, 20 It is a excellent material which can integrate electronic, magnetic, and photonic properties in new generation devices. Recent experimental findings show that V 21 films by using laser ablation and they claimed that these films show room temperature ferromagnetism with magnetic moments of 0.7 µ B /Ni. 28 Peleckis et al. 29 pointed that the Ni:In 2 O 3 polycrystalline samples obtained with solid state synthesis show a typical ferromagnetism character, however, with a very small average magnetic moment of 0.03-0.06 µ B /Ni at 300 K. They speculated that the non-negligible concentration of oxygen vacancy (V O ) existing in these samples which prepared under argon atmosphere might be responsible for such magnetic phenomena. These findings suggest that the magnetic behavior of Ni doped In 2 O 3 is strongly dependent on the preparation methods. Like other metal-oxide semiconductors, such as ZnO and SnO 2 , several native defects can form during the growth of In 2 O 3 . Among these, the most common defects are oxygen vacancies. [30] [31] [32] [33] [34] A considerable amount of experimental data have revealed that oxygen vacancy play a key role in the ferromagnetism of transition metal doped ZnO, SnO 2 and In 2 O 3 . [35] [36] [37] [38] [39] [40] Previous theoretical studies based on traditional density functional theory (DFT), or DFT plus Hubbard U focused on the electronic structure of transition-metal doped In 2 O 3 without native defects. 41, 42 There are few investigations about the roles of oxygen vacancies on magnetism in Ni doped In 2 O 3 . In addition, it is well known that traditional DFT can not well describe the localized character of d -band electrons. The physics of localized 3d states can be partially described using a DFT+U scheme. However, the accurate electronic properties are not completely recovered, such as band gap, especially in oxide semiconductors. Even in the Ge, the half metallicity of this compound is lost within DFT+U scheme.
43
Very recently, a hybrid density functional approach, which admixes the non-local Hartree-Fock exchange into traditional local LDA or semilocal GGA exchangecorrelation functionals, has been reported to provide an improved description of the electronic structure for a variety of extended solid-state systems. [44] [45] [46] From the above discussions, it is clear that a detailed investigation of electronic structure and magnetic interactions is necessary, taking into account the effects of V O on electronic and magnetic properties in Ni doped In 2 O 3 . The remainder of this paper is organized as follows. In Sec. II, the details of the computation are described. Sec. III presents our calculated results with respect to the electronic and magnetic properties of Ni doped In 2 O 3 without and with V O . Finally, a short summary is given in Sec. IV.
II. METHODS
Our total energy and electronic structure calculations were based on the hybrid density functional as proposed Fig. 1 (a) . The calculated equilibrium lattice constant of In 2 O 3 is 10.13 Å, which is well agreement with the experiment value of 10.12 Å.
53 A 2×2×2 mesh within Monkhorst-Pack scheme 54 and Gaussian smearing of 0.05 eV was applied to the Brillouin-zone integrations in total-energy calculations. The wave functions were expanded by plane waves up to a cutoff energy of 300 eV.
In this study, two ways are used for introducing a Ni dopant into the supercell. One is to replace an In atom with a Ni one, and the other is to employ an interstitial Ni atom into the supercell. Ni dopants can substitute indium atoms on In b sites or In 
III. RESULTS AND DISCUSSION
We start with examining the formation energy of a single Ni atom occupying a substitutional or interstitial site in a 80-atom supercell, corresponding to a doping concentration of about 4.2%. The formation energies of various types of Ni dopants, depend on the chemical potentials of Ni and the host elements (In and O), i.e., on the relative abundance of these elements in the growth environment. The chemical potentials µ O , µ In and µ Ni are referenced to the calculated energy per atom of an isolated O 2 , tetragonal-In and fcc-Ni metals, respectively. They are subject to upper bounds O<=0 (O-rich limit) and In<=0 Fig. 2 (a) and (b) respectively. It is found that the total magnetic moment are mainly derived from Ni 3d states. Each Ni atom contributes about 1.3 µ B /Ni to the system (see TABLE I ); while the nearest-neighboring O atoms give a small negative contribution, less than 0.3 µ B per O atom. As a result, the host semiconductor with a Ni concentration of 8.4% carries a integer total magnetic moment of 2 µ B /cell. Since the introduction of V bridge O leads a small fraction of valence charges back to the Ni 3d states, the local magnetic moment of Ni is slightly enhanced, reaching up to 1.8 µ B /Ni. However, the total magnetic moment of 2Ni
configuration decreases to zero as it has a AFM magnetic ground state. Further studies show that AFM ordering diminishes rapidly when the V O departs from the Ni dopants, suggesting the localized character of interaction among V O and Ni dopants. From the total density of state (TDOS) displayed in Fig. 2 (c) , one can find that the Ni doped systems without and with V bridge O maintain the semiconducting character of host material. Due to the lack of itinerant carriers, the ferromagnetism of insulating In 2 O 3 with Ni doping is likely arise from a percolation of bound magnetic polarons, 60,61 instead of the carrier-mediated magnetism proposed for conducing DMS. In view of the fact that the magnetic coupling between Ni dopants switches to AFM after the introduction of V as displayed in Fig. 3 (b) . Further calculations show that the FM and AFM couplings become degenerate in energy if we remove all two V bridge O atoms, further confirming the key role played by O bridge in the magnetic interaction between two neighboring Ni atoms. Thus, the AFM coupling between Ni atoms might be the result of the fact that the superexchange is predominant over in the magnetic mechanisms.
Based our calculated results, we give an explanation to the experimental controversial results involved the magnetization of Ni-doped In 2 O 3 system, where the key role is V O . In the absence of V O , a FM magnetic ground state with a calculated moment of 1.0 µ B /Ni is predicted in the perfect Ni-doped In 2 O 3 . It should be pointed that the calculated magnetic moment of Ni is slightly larger than the experimental value (0.7 µ B /Ni) reported in the wellcrystallized samples. 28 We attribute this difference to the unavoidable formation of V O in these samples even under the well-controlled growth conditions. With the existence of V O , the Ni atoms are attracted to occupy the neighboring In sites of V O and their average formation energies are reduced by about 1.9 eV per In atom (under O-poor condition). The V O acts as a FM coupling killer to make these neighboring Ni dopants showed AFM coupling. In consequence, the strength of FM coupling and the effective magnetic moment of the doped system are lessened. It is believed that the higher concentration of V O would lead the lower portion of Ni dopants to contribute to the effective magnetic moment of the doped system. Wit et al. [30] [31] [32] 
